INTERIM REPORT -- \"RTC—DCDZI]B'? (EA02-034)

Tests of the Bosch Brakes (ZOPS) on a
201 Monaco Holiday Rambler Ambassador Motorhome

10 INTRODUCTION

This test program was performed at the Vehicle Rescerch and Test Center (VRTC) in response to
a requast by the Office of Defects Investigation (ODI), National Highway Trailic Safety
Administration (NHTSA). The ODI has received complaints alleging brake overheating on the
Bosch “Zero-Offget Pin Slide” (ZOPS, aka International Diamondlife) caliper brake system on
vatious vehicles. Many complainants have alleged that thess brakes apply normally, and then fail to
fulty release, resulting in overheated wheel-ends and fires on various vehicleg, including schoal

buses.

2.0 BACKGROUND DISCUSSION

The primary objective of this portion of the test program was to document the condition and
performance of the ZOP3 brake sysiem on a Monaco Holiday Rambler Ambassador motorhome that
had just been repurchased by Menaco. An additional front axle that had been previously replaced
under warranty by Monaco wag also tested later on the motorhome.

3.0 TEST VEHICLE AND 4 WARRANTY-REPFLACEMENT AXLE

The test vehicle, designated MH1, wae a 2001 Monaco Holiday Rambler Ambassador with VIN
1RF12041012012312 and the odometer reading was 9,946 miles at the start of testing. The weight
placard on the 36-ft long vehicle listed 10,500 Ib for the front Gross Axle Weight Rating (GAWR),
15,500 1b for the rear GAWR, and 26,000 1b for the Gross Vehicle Weight Rating (GVWR). A
placard on the front axle identified it as a Westport Model No. FSW-1200. The vehicle had been
repurchased by Monace after multiple thermal events were reported on the rear axle. The last



reported event was a brake fire on the right rear wheel-end. A photograph of the vehicle is shown in
_ Figare 1 in the Appendix. All tables and figures for this report are presented in the Appendix.

The warmnty-replacement front axle, designated AXL1, procured from Moenaco, was reportedly
replaced under warranty becauzse ewner had reported & left front brake fire. Subsequently, the left
rotor temperature was measured, with a handheld optical pyrometer, at the dealership at over '
1,000°F. This warranty-replacement axle had been removed from another 2001 Moenaco Holiday
Rambler Ambaszador with VIN 1RF12041512012855 and the odometer reading was reported to
have been 11,891 miles. The axle was stored by Monaco for approximately three months before it
was procured by the VRTC., A placard on the axls identified it as 2 Westpart Model No. F5W-1200.

.A photograph of the axle, as received by VRTC, is shown in Figure 2.

4.0 R

The instrumentation package used to record the performance of each of the four wheel-ends

included sensors for brake line pressure (inboard of the flexible brake hose), the inner brake pad

. tempetature (thermocouples installed from the edge so as to avoid disturbing the “as received” brake
condition), and the brake fluid temperature ingide the caliper {probe inserted through the bleeder
valve). The vehicle stopping distance, vehicle speed and deceleration, and brake pedal force and
travel were also monitored. Videotape cameras, mounted near the centerline of the vehicle looking
cuthoard, were nsed io record events at each wheel-end. The front exle views of the caliper and
rotor were slightly restricted by the front axle, and the rear axle views of the caliper and rotor were
significantly restricted by the suspension trailing mrm gnd splash shields, A halon fire-suppression
system was built and installed on the motorhome with two nozzles positioned at each celiper. This
system included a backup halon gae cylinder for longer duration fire suppression (if needed) and a
control panel that atlowed fire suppression st either a single wheel or all wheels simultanecusly. The
equipment used for the instrumentation, the videotape, and the fire suppression systetna are listed in
Table 1 and shown in Figures 3 fimough 11. Note: the Parker Corp. solenoids, selected for the fire
Buppression system, were later found to be incompatible with halon gas and are not recommended.

The first test was conducted on the Skid Pad at the Transportation Research Center (TRC). The
Skid Pad has a one-mile straightaway for brake testing and loops at each end, as shown in Figure 12.
The driver performed a stop from 40 mph at a deceleration rate of 0.3 g, and then resumed driving at
40 mph with repeated 0.3-g stops and cool-down periods sufficient to maintain post-stop pad
temperatures of 200°F, then 300°F, then 400°F, and finally S00°F. In general, three stops were
made at each temperature level before targeting the next posi-stop temperature.



Another test conducted was similar, except the vehicle was snubbed from 40 mphto 15 mphat 2
0.3-g deceleration rate. Additional tests were conducted on the Vehicle Dynamics Area (VDA) and
Hipgh Speed Test Track (HSTT) when necessary to accommodate TRC scheduling conflicts.

AB a diagnostic toal, the torque required to rotate cach wheel was measured after the vehicle was
lifted from the ground. A bound caliper would be indicated by a high turning torgue reading. The
targue requited to cause the wheels to start mowving and to maintain the spirming er running torque
were found. This torque on the wheel was measured by installing a torque wrench onto a wheel lng
mit with the longitudinal axis of the torque wrench handle aligned as clogely as possible with the
center of the wheel. - Then a ¢correction factor was applied to convert the center of rotation from the
lug nut position to the center of the wheel, as shown below.

Ta = Tm[(A+L)/L]

whare  Ta =~ actus] wheel aming torqme
Tnrr measnred wheel torgue with tosjue wrench ea Ing sbul snd medintly alignad thmngh center of wheel
A = digtancs from oeoter of wheel w lug sod
L = digtance from center of torque wrench humdgrip fo center of the socket adapter at the hug site

5.0 INSPECTION AND TEST RESULTS

The wehicle had been repurchased by Monaco and the VRTC took immediate possession of the
vehicle from the dealership in Alabama. No work had been performed on the vehicle sinca the
reported brake fire at the right rear wheel-end. The vehicle appeared to be in good condition and the
brakes operated normally when the vehicle was receiﬁed, except the ABS-warning lamp was
illuminated. The measured weights were 7,340 1b on the front axle, 14,040 Ib on the rear axle, and

21,880 Ib for the total weight.

As s00n a5 the vehicle was lifted in the shop, the wheels were turned by hand and the force
required to rotate each wheel seemed reasonable, The brake components appeared to be in good
working order, except the right rear ABS wheel-speed sensor (the location of the teported fire) was
found to be severely melted and had fallen out of the interference-fit socket, 68 shown in Figure 13.
The sensor on the Wabco ABS was not repaired until later in the test program. Tests using the
Markey Vapor Lock Indicator found the brake flnid boiling points were 375°F to 398°F at the
wheel-ends and 425°F at the master cylinder reservoir, indicating the brake fluid was relatively new.
Once the instrumentation was installed, the brake systern was thoroupghly inspected for “trapped’”
brake line pressure that could cause a dragging brake. The items checked included fluid exchange
malfunctions between the master cylinder and reservoir, binding at the braks pednl linkage,



overbacst in the hydroboost system, swelling of ARS internal seals, and restrictions in the metal
brake lines or flexible rubber hoses.

The torque required to rotate each wheel on MHI was measured just before the first driving test,
After three spike applications on the brake pedal {with the engine muning), the static breakaway
torques required to rotate the wheels were determined to be 12/12 fi-1b {left/right front) and 51726 fi-
Ib (lef/right tear). The dynamic (continuously running) torques were 7/7 ft-1b (left/right front) and
40/30 ft-1b (leftiright rear). The increased torgus mql.umd was cxpected on the rear axle due to the:
differential and drivetrain drag. .

During the first test, the weather conditions included an ambient ternperature of 33°F, a S-mph
wind from the northeast, 87% hmidity, and slect, snow, and rain. The test surfaces were wet, but
clear of ice and snow, except for portions of the north and south loops of the Skid Pad, where
braking did not occur. After 20 normal 0.3-g stops, with intentionally increasing post-stop
ternperatures, the post-stop termperatores of the inner-brake pads were 526/526/585/518°F -
(LF/RF/LR/RR). At thig point, the goal was a 500°F post-stop brake lining temperature. The testing
had to be gtopped for 5 minutes to change the videotapes and wipe the moisture from the camera box
lenses, After resuming the brake applications, the left rear wheel temperahre was noticeably
deviating from the other wheels (510/520/§30/520°F) after four stops. For the next 4 mimutes, the
vehicle was driven, without braking, between 20 mph in the loops and 40 oiph on the stmightaways
and the rotor started to glow red, as shown in Figure 14. The temperatures dropped on three of the
wheels, but continued to climb at the left rear wheel (398/35%/L095/430°F). At this point, the
brakes were catching on fire, as shown in the videctape submitted with this report. The driver had
1o indication of any problems. Throughout the event, the vehicle did not yaw, exhibit noticeable
drag during acceleration, end there was no smoke or odor noted in the pagsenger conapartment.

The vehicle was then stopped for 1 minute and all four wheel temperatures started to drop. As
the vehicle was driven away, a2 wheel fire flamed up as ghown in Figure 15. Note: In the upper view
of the figure, the camera auto-inis circuitry had malfunctioned so the picture is relatively dark. The
camera was replaced before the next iest. The lower view in Figure 15, taken using from the
replacement camern, shows the same field of view for comparison. The trailing arm is in the right
bottom corner, the rear axle is across the lefi side, and one-half of the caliper is near the center of the
picture. The video images are clearer than the picture transferred from the video for Figure 15.

The vehicle was driven a short distance and the temperature on the left rear wheel continued to
rise during this pestion of the test (368/328/1,330/398°F). Each time the vehicle stopped, all of the
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brake temperatures cooled down. Each time the vehicle started moving again, the left rear wheel fire
would flare up. The data coliection was normally retriggered every 10 minutes, but at this point,
retriggering was inadvertently delayed for a 4-mninute period. During this pericd, the real-time
readout was pegged at 1,400°F, the limit of the instrumentation. The brake fluid temperature in the
calipexa had been between 70°F and 80°F. Each time the vehicle was stopped, the left rear wheel
area would heat-soak, and the brake fluid temperature in the left rear caliper would rise. At this
point, the fluid temperature at the left rear had risen to 169°F. The highest brake fluid temperatures
recorded were 86/64/306/92°F, which may possibly canse boiling in a vehicle with hydroscopically-
aged brake fluid. However, the brake flvid boiling point of thiz vehicle was about 40°F. While
pulling away from a stop during the 4-minute period of data Iuss, 2 “pop™ was heard from the left
rear wheel area and the vehicle rocked forward stightly. This indicated that this piston probably
expanded thermally and seized temporarily in the bore. The high thermal reactings began to
diminish, even aRter continuing the braking and driving sequence. When it was determined that the
thermal event could not be repeated, it was too late to pexform the planned en-track diagnostic tests
to determine which subcomponent had failed to operate normally. '

More information about this test is available from the test instrumentation. The individual 10-
mime data collection files are shown in Fipures 16 thromgh 24. A composite plot of the four 10-
minuate data files during the thermal eveant is shown in Figure 25. The composite image shows the
inner brake lining tanperatures stepping upwared with the initial tasting, until the temperature of the
left rear (green trace) deviates into an abnormal thermal event. The wide blank space is the area
whete the data collection systern had not been triggered in a timely manner and where the lining
temperature reached thupaak'{limit of data channel) of 1,400°F. Thers was no evidence of residual
brake line pressures at any time during this test.

The original front axle, which did not demonstrate any abnormal activity during the previous
test, was removed so that warranty-replacement axie, AXI.1, could be installed on the mataorhome
for the next test. The AXLI1 axle was an exact match for the original front axle and there were no
problems duning the installation. The axle appenred to be in good shape, with no obviously melted
components, but the left rotor surface was corraded. The dise brake on the left side was where the
owner reported a fire had occurred. The wheel torque required to rotate the wheels on MHI
equipped with AX1.1 were measured just before the subsequent driving tost. After three spike
applications to the brake pedal, the static breakaway torques required to rotate the wheels were '
determined to be 20/12 fi-Ib (lefi/right front) and 46-31 ft-Ib (left/ripht rear). The dynamic
(contimuously ronning) torques were 15/10 ft-1b {lefi/right front) and 36/41 fi-1b (left/right rear). The
increased torque required was expected on the rear axle due to the differential and drivetrain drag.



During the second test on MH]I, the weather conditions included an ambient temperature of
25°F, a 10 mph wind from the ¢ast, 68% humidity, and cloudy. The test surfaces were wet, but clear
of ice and snow, except for portions of the north and south loops of the Vehicle Dynamics Area
(VDA), where braking did not eccur. After |4 normal 0.3-g stops with intentionally increasing post-
stop temperatures, the post-stop temperatures of the mner brake pads were 450/629/603/578°F. A
composite plot of five 10-minute files during the time of the abnormmal thermal event is shown in
Figure 26. After the poal of 500°F post-stop brake lining temperatures was teached, the testing wea
stopped for 4 minutes to chenge the videotapes and wipe the moisture from the camera box lenses,
As the vehicle was driven away from this stop, the driver noticed a slight pull to the right. One
mimute later, the right fiont brake-lining temperature was increasing noticcably without the brakes
being applied (342/552/425/427°F). The vehicle was driven without braking and 3 minutes later,
although the three other wheel-end temperatures ware dropping, the right front temperature was
rising (291/755/390/403°F). At this time, the rotor started to glow red, as shown in Figure 27. The
driver still noticed a alight steering putl to the rght and & hot-brake odor was entering the passenger
compartment from the area of the right front doot. The vehicle was dpven withont braking for 8
minutes at 40 mph (slower for the loops). The right front brake temperature exceeded 1,000°F
(193/1,088/322/348°F) and then started to drop off. The vehicle was stopped for four more minutes
and upon resuming driving, without brake applications, the right front brake temperature started to
rise again (161/],262/280/311°F). The brake fluid temperature in the right fromt caliper reached
217°F. Sirmilar to the ficst test, there was no evidence of residual brake line pressues at any time
during this test,

The test was terminated so that the planned on-track diagnostic component checks could be
performed. The vehicle was driven 500 fi away from the YDA test route 2nd the frame was lifted to
remove the vehicle weight from the right front wheel. The breakaway torque reguired to rotate the
wheel was 140 fi-1b (at the start of the test it was 12 fi-Ib). The wheel was removed and locking
pliera (Vise-Grips) were clamped on the brake pad backing plates (at the abutment ears) and used to
ttempt to “rattle” the inner and outer brake pads. If only the outer pad was tight, a slide pin
problem could be indicated; and if both pads were tight, a piston problem could be indicated. In this
case, both pads were tight. The slide-pin-mounting bolts were removed but the caliper was still tight
on the rotor. The caliper was removed from the rotor and a flat metal bar was Inid across the dual
pistons. Then a C-clamp was used to attempt pushing the pistons back into the caliper housing, but
the pisions would not move. Next, a 2-1/2 inch wooden block was laid in place of the rotor and pads
and the brake pedal was slowly applied by hand, The leading piston was found to be immobile so
the brakes were reassembled and the vehicle was driven back to the VRTC. It should be noted that
some of the features of the Bosch ZOH-T design to improve the ZOPS caliper were added to prevent



pistan bore binding. The next morning when the brake components were examined, the caliper
operated normally again. '

The right front brake was replaced with new parts and five more tests (Dec 18-31) were
conducted as shown in Table 2. The brake system worked as expected on the remaining tests.

The testing was followed by a systematic teardown to the brake component level. The individnal
components were stored in sealed plastic containers with desiccant for further testing. The brake
gquipment from cach wheel-end was examined, the attachment of that component documented, and
photographed. The condition of each component and the integrity of the attachment system is listed
in Table 3. The photographs showing the condition of the brake equipment at ¢ach wheel-end are
shown in Figurcs 28 through 37.

6.0 FINDINGS

The subject motorhome and components for this program included a 2001 Monaco Holiday Rambler
Ambaszadar and an additional frant axle previously replaced hy Monaco under a wartanty claim,

1) Upunhﬁﬁalinspeﬁﬁnn,ﬁemﬂnmumeandhmkemmpmemsappeamdmheingnod
working order, except the right rear ABS sensor was found melted and out of the
interference-fit socket (a fire had been reparted at this wheel-end), thus causing the ARS
warning light to illuminate. The front and rear axle wheels could be tumed with reasonable
effort, indicating no abnormal drag.

2} A dragging brake could be caused by trapped brake line pressures at the wheel-ends, A
thorough inzpection of the brake system revealed none of the following possible problems:
fluid exchange malfunctions between the master cylinder and reservoir, binding at the brake
pedal linkage, overboost problem in the hydroboost system, swelling of ABS internal seqls,
amud resirictions in the metal brake lines or flexible rubber hoses. No evidence of residual
brake line pressures was indicated by the instrumentation at any time during thase tests.

3) The first test on the "as received”” moiorhome resulted in a wheel-end fire at the Ioft rear
brake after a series of (},3-g stops, followed by driving without braking at 20 to 40 mph. The
fire lasted for 15 minutes before diminishing after a “pop™ sound was heard from the left rear
wheel area and a “rock-forward” of the vehicle was noted. This indicated that this piston
probably expanded thermally and seized temporarily in the bore. The inner bruke pad lining
temperature exceeded 1,400°F and the brake fluid temperature at that wheel rase to 306°F,



4)

Throughout the event, the vehicle did not yaw or exhibit noticeable drag during acceleration,
and thers was no smoke or odor noted in the passenger compartment.

'The second test was conducted after ingtalling a front axle previously replaced by Monaco

under warrenty. This test also resulted in an abnormal thenmal event afier a seties of 0.3-g
stops, followed by driving without braking at 20 to 40 mph. The right front rotor glowed red
for approximately 20 minutes before the vehicle was stopped for a component diagnosis.

The inner brake lining temperature reached 1,262°F and the brake fluid temperature mside
the caliper reached 217°F. Ficld diagnosis of this event concluded that the leading piston, of
the dual piston system, was seized in its bore, but only while the piston temmpexature was
elevated. At roomn temperature, the next moming, the caliper operated normally.
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List of Itexus in the Appendix

Table 1 - Equipment Used to Test the Monaco Holiday Rembler Ambassador
Fizure 1 - 2001 Monaco Holiday Rambler Ambassador
Figure 2 — Front Axle (AXL1) As Received at the VRTC

Figure 3 - Instrumentation Package Showing Data Collection Comnputer, Signal Conditioners, LCD
Monitor, and the Video Mouitor for the Fire Suppresson System

Figure 4 — Wheel-end Instrumentation Showing the Fire Soppression Nozzles and the Thermocouple
Probe Inserted into the Caliper through a Modified Bleeder Valve

Figure 5 — Instullntion of the Thermocouple to Measure Brake Fluld Temperaturcs Inside the Caliper;
Probe Inzerted through the Bleeder Yalve

Figure 6 — Instrumeutation for the Brake Pedal Force and Travel and the Driver Display for Vehicle
Speed/Distance and Brake Pedal Foree

Figure 7 — Videotape Recorders (Used Three DY CamCorders a3 Recorders) and the Quadprocessor
for the 4 (Wheel-endx}-inio-1 Composite View

Figure B — Videotape Camera Position and Fire Suppression Nozzle Position for the Right Front Wheel

Figure 9 — Fire Suppression Package Consisting of the Halon Cylinders, Solenoids, and Fressore Valves
Located in the ¥ehicle Storage Bay

Figure 10 — Schematic of the Fire Suppression System

Figure 11 — Control Fasel with Master On/Off Togele, Green Pash Activation Bnttans (One for Each
Wheel), Yellow Lights to Indicate if fhe Primary and Secondary Halon Cylinders have
Pressurized the Fire Sappression Sysiem, and Red Push Butions to Activate Each Halan
Cylinder :

Figare 12 — The TRC Skid Pad with the Straightaway Test Area and the North and South Turning
Loapa '

Flgure 13 — Yiew of As Recefved Right Rear Wheel Showlng the Melted ABS Sensor om the Wheel-end
Reported to have had 2 Fire

Flgure i4 - Left Rear Brake Rotor was Glowing Red at 50 Minwntes into the First Test on MH1 (Most of
the View of the Raotor is Blocked}

Fignre 15 — Left Rear Wheel Fire at 55 Minutes imto the First Test on MH1

Figure 16 — Data for First Test on MH1 Showing the Drive Out to the Skid Pod and the First 200°F
Target Stops

Figure 17 — Data for First Test on MH1 Skowing the J00°F Target Stops

Figure 18 — Data for First Test on MH! Skowing the 400°F Target Stops

Figure 19 — Data for First Test on MH1 Showing the 500°F Target Stops

Figure 20 — Data for First Test oi MHA1L Showiug the End of the 5-Minote Break (for the Video
Equipment), the Next Fomr Brake Applications, and the Beginnlag of the Abnoremal Rise in
the Left Rear Brake Lining Temperature

" Figure 21 — Data for First Test on MH1 Showing the Abnormal Thermal Rise Continning
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Figore 22 —Data for First Test on MH1 Showing a Decline in the Abrormal Temperature on the Left
Rear Lining

Figure 23 ~Data for First Test o MH1 Showing the Temperature of the Left Rear Lining Declining as
Additiona) Braking Does Not Restart the Event

Figure 24 — Biata for First Test on MH1 Showing the End of the Abnormal Thermal Event before a
Field Inspection of the Components Conld be Conducied

Figure 25 — Compaosite Data for the First Test on MH1 Showing Normal Brake Stops, a 5-Minute Break
or Farked Period (to Service Video Equipment), and the Thermal Deviation of the Left

Rear Inner Brake Pad after Four More Brake Stops (Temperatures Reached 1,40H-F)

Figure 26 — Composite Data for the Second Test on MH1 Equipped with AXL1 Showing Normal Brake
Stops, a 4 Minnte Parked Period, and Thermat Devintion of Right Front Toner Braks
Linlng While Driving withont Braking (Temperatuores Resched 1,262+°F)

Figare 27 — The Second Test on MHL Showing the Right Front Rotor was Red Hot and Shooting
Sparks (at Bottom of Rotor) from a Dragging Brake

Tuble 2 — Tests Condmeted on MH1

Tuble 3 — Inspection Dats from Post Test Removal of Calipers

Figore 28 — Past-Test Inspection of the Left Front Wheel-end of AXL.1 Showed the Rotor Brake
Surface Became Pollshed

Figure 29 — Post-Test Inspection of the Lefk Front Wheel-ond of AX1.1 Showed the Outer Bruke Pad
Mad Evidence of Belng Previously Instalted as the Inner Brake Pad of the Caliper

Figare 30 — Post-Test Inspection of the Right Front Wheel-snd Showing the Overall Appearance of the
Rotor

Flgure 31 — Posi-Test Inspection of the Right Front Wheel-end Showlug the Shight Grooving and the
Apparcnt Transfer of Muierinl to the Rotor

Figwre 32 - Post-Test Inspection of the Right Fromt Wheel-ead Caliper Showed the Leading Fiston Now
Has n Torn Boot

Figure 33 - Post-Test Inspection of the Right Rear Wheel-end Showed SHght Grooving ard Apparest -
Transfer of Material omto the Roinr

Figure 34 - Fost-Tast Inspection of the Righi Rear Wheel-end Showed Evidence of 2 Fire Event
Beported by the Previons Owner

Figare 35 — Post-Test Inspection of the Left Rear Wheel-end Showed Slight Grooves and Apparent
- Material Transfer

Figure 36 — Poat-Test Inspection of the Left Rear Wheel-end Showlng the Determlnlﬂul of the Callper
Slide Force

Figure 37 Post-Test Inspection of the Left Rear Wheel-eund Shovwed the Condifion of the Callper after
the Fire during the Flrst Test
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Table 1 — Equipment Used te Test the Monaco Hollday Rambler Ambassador

Partlum Computar

LCD Di

a O F, R e e B Py

1 penepwssod: R pdales

ﬁ-'all"r' Do, I

Slgnal Conditionersa

Amlognwlnalnn

16-Channel Backplana

Analog Device Ing

Tfitting waldad to OEM blead vake inio callper (4)

[ DG Power si'ﬁi KW40-12-157787 W Davices inc
Hi-Temp Proba JHypa thermocsuple, inss rough 20 HHAG Marin Mfg Corp

J-Typa Tharmocouple [for miner brake pada) [4)

Parfomance Monltor

Vehice Dacalemmedsr

Braka Padal Forca D

Brake Peda F
P

|_Brakg Padel Poaition Linaar Potantio
Braka Fluld Pressurs Transducer (2600 psi} (4)

Dightal CCO Color Camera {#)

Langes - 2.8 to 1Z2mm CS-mount (2}

Digtal CCH Cotor Camera {2)

Lonses - 4.5mm Computer® CS-mound_(2)

DV Cam Ceszalts Recordar

DV Cam Cessotte Recorer

DV CamCordsr (used 85 cassolie racarder)

DV CamCordar {used as cassate recarder)

DV CamCordar (used as cassatta racarcar)

DY Cam Shouldar Cemera
13" Monitor thar five su

J-20-1-305 Watiow Gondon
825 Lab Equip Corp
Fifth Whesl {initie! spoed and stopping distance} B0 Lab Equip Corp
141 4G Seatra Cop
for driver 31004, GSE Inc
ucer Ib) 11435004301 GEE Inc
Praitlon Linear Potentiomster MID7E-8-10 Maurey Irstrument Corp
PE! 10D PSI-Tronix Inc
KGLC-31ONDYPD Kolom Co
1:1.4 Ratio Auto Ins Tammon USA Inc
Wi-CLAS2 Panasonic
1:1.4 Ratio Aot I CBC (America) Cop
Mulivision Quadprocessar [4-to-1 view aplitter) MyE5 RebotGap
_ SDRVI0 Sory Corp
avDheod Sony Corp
‘DSR PD100A Seony Corp
DSR PD100A Sony Carp
DER PLDOA Sany Comp
1] SonyCorpy
sion monkor) CMETE2074C

Power Supply (medified to limit ta 12-vde)

"Handheld Extinguisher, 20 & halon, modined nyvnrc wth|

T S

et o0

mamial T-harkle shutT valvas and ducizd to salenaids for 32H Halofron Amerax

fire sypprassion packags (2]

Soenoid Yakes, to cartrol halon bottles {B) Q2F20C1103A5 F Parker Comp
Pressure Swiiches ib monitor duct charge (2} 10-C12 Linkex Elec Controls Oo
Cone Jet Nozdes, brass, two par callosr {8) 2101315 TEC Co

Fira Supprasaicn Contnel Panel 1 VRTC
Handheid Extinguisher, 20 |b ABC dry chemical Ad11 Amarex
Handheld Extinguksher, 5 b, CO2 (2 B2 Amearsx
Handheld Extinguisher, 5 b, Hakotron 3BOHT Amerex
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Fipure 1 - 2001 Monace Holiday Rambler Ambassador
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Figure 2 — Front Axle (AXL1) Ax Received at the VRTC
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Figure 3 — Instrumentation Package Showing Data Collection
Compriter, Signal Condifioners, L.CD Monitor, and the Video Monitor
for the Fire Sappression System

Figure 4 — Wheel-end Instrumentation Showing the Fire Suppression
Nozzles and the Thermocouple Proke Inserted into the Caliper through
a Modifled Bleeder Valve
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Figure 5 — Installation of the Thermocouple to Measure Brake Fluld Temperatores
Inside the Caliper; Probe Inserted throuph the Bleeder Valve

Component Notes: {A) OEM Bleeder Vaive Modified by Sealing the Hole on the Sidewall
Below the Threads and Drilling 8 New Hole Through the Bottom (Left Side in the Picturs) of
the Valve for Passage of the Probe, (B) T-Fitting Silver Soldered onto the Bleeder Valve, {C)

MNew Bleed Port, (D) Compreasion Fitting, (E) Thermocouple Probe

Figure 6 — [nstrumentation for the Brake Pedal Force and Travel and
the Driver DMsplay for Vehicle Specd/IMstance and Brake Fedal Force

15




Figure 7 — Videoiape Recorders (Used Three DV CamCorders as
Recorders) and the Quadprocessor for the 4 (Wheel-ends)-into-1
Composite View

Figure 8 - Videotape Camera Position and Fire Suppression Nozzle
Position for the Right Front Wheel
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Figure 9 — Fire Suppresslon Package Consisting of the Halon Cylinders,
Solenolds, and Pressure Valves Located in the Vehicle Storapge Bay

-
Mamuin] Gty
E_ a _"._.______'_ e
FyY £ \hlll:tllllnnﬁllﬂﬁf
LeR Whesls Bolenokd Vales

. Figure 10 — Schematic of the Fire Suppression System
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Figure 11 — Control Panel with Master On/Off Toggle, Green Push Activation
Bations (One for Each Wheel), Yellow Lights to Indicate if the Primary and
Secondary Halon Cylinders bave Pressurized the Fire Suppression System, and
Red Posh Buttons to Activate Each Halon Cylinder

L = IRV LI R [
DT DU DO G PR O THE PEAVUMGTEREOF LANEE | AND 7.
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Figure 12 — The TRC Skid Pad with the Straightaway Test Area and the North
and South Turning Loops )
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Figunre 13 — View of As Received Right Rear Wheel Showing the Melted
ABS Seasor on the Wheel-end Reported to have had a Fire

LR WHEEL

Figure 14 - Left Rear Brake Rutor was Glowing Red at 50 Minntes into
the First Test on MH]1 (Most of the View of the Rotor is Blocked)
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LR WHEEL

Figure 15 — Left Rear Wheel Fire at 55 Minutes into the First Test on MH1

Note: In the upper ﬁew, the auto-iris circuitry of the videotape carnera malfunctioned
during this test. The lower view, firom the replacement camera, shows the same field of
view for comparison.
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Flgare 16 — Data for First Test on MH1 Showing the Drive
Out to the Skid Fad and the First 200°F Target Stops
(Notice the rise of the inner brake lininp temperatures compared to the four caliper fluid temperatures)
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Figure 17 - Data for First Test on MH1 Showing the 300°F Target Stops
{Notics the left rear inmer brake lining iemperatures are nmning lower than
the right rear and the brake fluid temperatures are 40 to 50°F)

bor's




Dunoef 3 Thend T LBEPTHF EEGS 60 He MO26 Powts

ARl

i1

LFRPTHR (DEGF)
R~ -iFDEGH
i AR R
R T DEGRH
i P (DGR
Fi « «vPDEGH
H=-2"" P MEGF)
R - R ({DEGR
zEL {mphi
DECEL ()

* IR e
HELE ipat

--=% NESS {psd)
ESEipsr
FEHSAESES (psi)

N
R

e
| ST
B 100 ) 200 10 ' ] i -4
o 00 500
T foad) Mot 467,257 @ SEE.5
Aoum: 3773291

Min: 2020706 (& 411,58

Figure 18 — Data for First Test on MH1 Showing the 400°F Target Stops
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Figure 20 — Data for First Test on MHY1 Showing the End of the 5-Minute Break (for the Video
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Brake Lining Tempnr:ture
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Figure 23 —Data for First Test on MH]1 Showing the Temperature
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Figure 25 — Composiie Data for the First Test on MHI Showing Normal Brake Stops, a 5-Minute Break or Parked Period
{to Service Yideo Equipment), and the Thermal Deviation of the Left Rear Inner Brake Pad after Four More Brake Stops
(Temperntores Reached 1.400+°F)
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Figure 26 — Composite Data for the Second Test on MH1 Egquipped with AX1.1 Showing Normal Brake Stops, a 4-Minute
Parked Period, and Thermal Deviation of Right Front Inner Brake Lining While Driving without Braking {Ttmperature

Reached 1,262°F)
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Figure 27 — The Second Test on MH1 Showing the Right Front Rotor was Red
Hot and Shooting Sparks (at Botiom of Rotor) from a Dragging Brake

Table 2 — Tests Conducted on MH1

4 0 Sdd Pad LR Fire
15 0 VDA RF Had Folor | instElied AXL1
. o] 0 HSTT o event
77 Py Skid Pad rex evert
18 2 Skic Pad e evenk
23 2% HSTTHADA | o event ABS repaired
19 18 Skid Pad ro enerd
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Table 3 - Inspection Data from Post-Test Remaoval of Calipers

" Mwteam Wyapaated {ull: w g KA Ll ol M- L o - T MR-« Rightt Resr
woblent termariture) EREERS RERTHREE. o i i . G o Tanb L) 1 Reporied FIre
Frtoe Ap pasrnce: ::::-::::.:Tnl. [ :I::::f ruml wnd :llpu-rb-d :I:_'I::l:_“: e Ard Hopowaibtd
. kY L] e
Hub Turaing Torgue: 5 s comtnuovshe g & £ contiwoun iy pemig 2228, il g 41 #-lb continuou
Hraks Lininge [mSmmpt b0 rattie el Innar and cuter pade e wrwd ouler pisds rund culw pude faw inrat and ouber gl frag
1in b g vty MF“ acking plates) calipar not binding on brhe pady E!EF el L THET | caliper not binghg pn breis pydw | oaHpas not sinding on hreios pede
Atturagrt tn mowe calipar Fad | 1411 1O No mowamani 1t to no mavarmen Kt Im b Paty ek
Tangemi] 1iHLa 1 na mossmanl ¥ Heley wmen B8 ba na mosmant
Trups wadl Piw Hwirile - et bocis Wract Hmw uppar Eidl e [pwee boat irkact | Boih boota Iwtect
[ Tragwet Phn Bol gogd zoretiion goos condiion gt [ concition
upn nHinl Inspeciion neithe v initiml = o i m Falind 1op
nitind o AAnl Inepeciion found reier ralthar pin fange o, e chengm
. usmmed, now bodh are osrmad snd . Sange bamiy canumed and botdem not bty
wapact Pin Flangs Pasiten: Jeeiinig pla Rangs “drvan” irto callanr pmm:-l cammad, nt cheange on cammd, re chung on paint indea ﬂ:nm el irehpen G Hon padnt e
: carting, Inie) puint Indgy oy qrarad P i mate
Pla Bal 8re Tongus:. LecaHng | E2 -1 fomus wranchy et meeywrnd - bt I:n'hi B0 b forque wrenoh) B - Jorgquas wensh)
i Trallig | 33 f-b gorque wranch) el g srned = bd Tight 90 I (Chetilion pll an 1-8 wranch) a0 - KChalilion pull on 1-1 wench)
Laiadlng graan peich resde el ml parioved not noeg nat reoled
rmoTed lower bel, mmove brakr phds.
T et Pl Bl Trang | net panonen ol pertrmad reinaiwl 1o ot - oalipar binde s faincad bait and bund whika & bus
d e Iock® melersl
Chnch Calips Slde Foromt REcank] 15 & L 00 & (13 b allar mtsing pin vt permd
amt cullper Outhbemk] 10 H 2r wllur iz 1 JE_W_
[T 1] [ r Plutee sl akdn frp 1 [X] [
e Vo T 1ok e e Fyeree . — 27—
Messurs Pin From Play: m ; : m_ﬂ.l:ﬂl :_;-.. : . : : [Ti1 g . :m
ﬂ::‘:‘:;-:‘:-m x vol D01 PR [\ [T - o
. Borat, 1 1=l OmE oot . . i § .00 vl
i mmmand, Pln Mowed Tralbag: x= 00087 - [ PO e T [T o.as1”
Aawiral Poahinn, thes Fres y=} 0.050" nit e 0.024 AL
Pl was Massmrsd L = LT . tHE™ 0.
' ety ] I Rt
oy brlon mpplic el 10 drive tha
v bralin upplicatians to deive the el 14 Lt wescichan bloecle, bl e A e e letcn
InetZ/2 ch Wonden Bioch and Hussd oot waHiy s [acie wan mmond fFam pintorm 1v the wooden block, fairly san | pleione man sler st twa appies, lsd Li.ﬂhbﬂhitml pist '1hmphml1
Apply Buks Podal & Exiand the Pletens wadwicile wt 11w af inapecHon) duployrman, upos radb this v oden pision bakind reifing plwtan, then both wvmn at blork, upen mh:r:ln wonden
gk wx mmailyr teivorad "D wan W blook, upon mlssas the wischin ‘.,
Mook wes whely mmeond i blochk waw eawily removed
Mainl Buer wand C-clanep Rtrart Platun: mmm_ il e o piwion relum o boe ™E novmal phalan eium into bor nomnal pixtan radem imo ben
ComdMun uf Callper [P — I“‘ conditian [T, -mmm:rﬂ Bk wary Thin and pinkon anvironman bowky burt, . plsinn smimnmest Booie burt,
SppEArE uasd, 7ome gingh . i DI g, morl PreT=——yr—, m;:h'lg. wod ot uppaors yynd, smme glezing, wort of
Canditinm uf Braks Linlegs 1t pade Aed basn Pl 4 otk “drim aut, m'“‘hh' vgky yimin “dirimd™ 0aH, whits armoks shalrn slong “crimel® out, moms wwhits svoks sain
origntsinna, was beclowarde sy foung 1 wiong wjoes sigee, comrs of e Ly o | akomp evpes
nobes

ma e 10 B-Ro rotetinnml torgum Wil MAksLEad on tHE deak Ieck ten minutes sl the wtopping with § medbot o, dering eardawn the st dey, the fsmus hed dopped to & 4B
5 = S0 3l force mazimum siowsd by Bgech upcetes

"C = Fin Fran Play Massursment =3 x = horizontel, 3 = vdioed, ros by, t o tan e ially

"= 1na leud pleion was Immobils when brake petbe] wiae actasled Sy banc immdstely ot e oot

“E = miwion could nied ek puishad back into the hare on 1he Lot Armch: rondad by ATHOF T VAR

3



Figure 28§ — Post-Test Inspecton of the Left Front Wheel-end of AX1.1
Showed the Rotor Brake Surface Became Polished

Figure 29 — Post-Test Inspection of the Left Front Wheel-end of AX1.1
Showed the Outer Brake Fad Had Evidence of Being Previously
Installed as the Inner Brake Pad of the Caliper
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Figure 30 — Post-Test Inspection of the Right Front Wheel-end Showing
the Overall Appearance of the Rotor

Figure 31 — Post-Test Inspection of the Right Front Wheel-end Showing
the Slight Greoving and the Apparent Transfer of Material to the Rotor




Figure 32 — Post-Tesi Inspection of the Right Front Wheel-end Caliper
Showed the Leading Piston Now Hag a Torn Boot }

Figure 33 — Post-Test Inspectlon of the Right Rear Wheel-end Showed
Slight Grooving and Apparent Transfer of Material onto the Rotor
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Figure 34 — Post-Test Inspection of the Right Rear Wheel-tnd Showed
Evidence of a Fire Event Reported by the Previous Owner
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Figore 35 — Post-Test Inspection of the Lelt Rear Wheel-end Showed
‘Slight Grooves and Apparent Material Transfer
(Mote that this wheel was on fire during the tests at VRTC)
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Figure 36 - Poat-Test Inspcetion of the Left Rear Wheel-end Showing
the Determination of the Caliper Slikde Force

Figure 37 —Post-Test Inspectior of the Left Rear Wheel-end Showed the
Condition of the Caliper after the Fire during the First Test
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INTERIM REPORT 3 — VRTC-DCD2037 (EA02-034)

Inspections and Bench Tests of Brake Calipers from a
2002 National RV Dolphin LX Motorhome

1.0 INTRODUCTION

This test program was performed at the Vehicle Research and Test Center (VRTC) in yesponse
to a request by the Office of Defects Investigation (ODI), Naticnal Highway Traffic Safety
Administration (NHTSA). The ODI has recedved complaints alleging brake overheating on the
Bosch “Zero-Offsct Pin Slide” (ZOPS, aka Intemational Diamondlife) caliper brake system on
various vehicles. Many complainants have alleged that these brakes apply normally, and then fail
to fully release, resulting in overheated wheel -ends and fires on various vehicles, including gchool
buses. A previous report, tifled “INTERIM REPORT 2 — VRTC-DCD2037 (EA02-035) Bench
Tests of the Bosch Brake Calipers (ZOPS),”™ was sent to the ODI on 03/29/03 and describes the
component testing that was the bagis for a portion of this bench testing,

2.0 BACKGROUND DISCUSSION

Four Bosch 66-mm ZOPS calipers were received by VRTC on Jamuary 30, 2004 and are
shown in Figure 1 in the Appendix, where all the figures are shown. The calipers were reportedly
from a 36-foot 2002 National RV Dolphin LX on a Workhorse (Model W22) Chassis. The
completed vehicle VIN was SB4AMP67(G323340222, | was purchased in December 2001 and had
an odometer reading of 15,157 miles at the time of the incident in December 2003. A repair
facility provided the calipers to the VRTC witlin two months of the event.

The owner's ¢-mail report stated, “On Tuesday, December 2nd we were north bound on the
Florida Turnpike just north of the I-4 interchange iraveling about 65 mph when we felt a vibration
simtlar to the rough road feeling when a Caterpillar Bulldaozer has been on the highway. We
pulled tnto the rest area for a normal pit stop and to check the tires etc. Every thing seemed OK
except we could smell a ot brake type of smeli. 1t seemed to be all right when we pulled back out
onto the Turnpike but the "vibration® was back within a mile or so. We pulled over onto the
shoulder and, at that time, it was quite obvious that we had at least one brake locked up. The
coach would not drift forward at all when I gave it a bit of gas.



3.0 TIN:

The cqlipers were inspected at VRTC and labeled NRV1-1, NRV1-2, NRV1-3, and NRV1-4.
The reletive locations of these calipers on the vehicle were not reported by the repair facility and
the brake linings were not included with the calipers. Visual inspections of the calipers showed
that all four of the calipers had ruptured environmental boots with varying amounis of white ash on
and around the boots. This ash indicated a significant thermal event had occurred. The fact that
all four calipers bad experienced a thermal event could be explained by a mmmber of foundation
.bmke. antilock brake control unit, or caliper defecits. Since the vehicle was not available, the
ingpections and tests were conducted only on the calipers and a full troubleshooting evaluation
could not be performed.

The calipers were first tested for piston knockback and retraction using the fixture developed
by VRTC. These tests were conducted as clozely as possible to the procedures listed in Section 5
of the Bosch Engineering Instruction No. UI-198". The results of these tests were compared to the
results of a newer generation Bosch Zero-Offset Harmonized Truck (ZOHT) 66-min caliper
(previously desiphated NEW-OEM3). Then the caliper piston operation was observed doring a
bench-top test with the caliper at elevated temperatures. Thisg testing was similar to thet deseribed
in the previous interim report noted in Section 1.0. Next, the calipers were disassembled,
inspected, and measurements were taken of the piston diameter and the caliper bors diameter at
room temperatures. The diameter of each piston was remeasured after heat soaking for 3 hours in
en industrial oven at 257°F. This elevated temperature wase previously determined during thermal
penciration tests (Interim Report 2) in the piston at the depth of the critical seal land position in the
bore. This piston tempersture was dstermined for an innet brake lining center-of-pad temperature
of 550°F, typical of previous driving tests that simulated stop-and-ge driving on the test track by
YRTC. The piston-to-caliper-bore clearance 'was then calculated for the components at ambient
temperature and compared to calculations for a heated pision and ambient caliper housing.

4.0 RESULTS OF INSPRECTIONS AND TESTING
The results are discussed below for each caliper from NRV L in the order of testing.
1C NRYV

This caliper had raptured environmental boots and some ash on the boots and caliper
housing, as shown in Figure 2. Piston A (the left piston in Figure 2) had ash on the ruptured

' A soft pine hlock was substitutesd for a compressive block.
p



enviropnmental boot as shown in Figure 3. Note that Piston/Bore A and B will hereafter refer to the
left and right pistons’ bores respactively when the caliper is oriented with the pistons facing
upward and the three bridge fingers are poinied toward the cbserver.

The caliper was first tested for knockback and retraction. This caliper performed worse for
Piston A than the NEW-OEM3 (ZOHT) 66-mm caliper. Howcver, Piston B of this caliper
performed similarly 1o the new ZOHT caliper.

Three thermally elevated bench tests were conducted on Caliper NRV1-2 using brake linings
from a previous test caliper (NMR 1-LF) since no brake linings were sent by the repair facility that
sent the calipers. It bad been found in previous testing that the brake linings are an important
factor in the transmission of heat to the caliper piston. Therefore, the results from these tests may
not be the same as tests with the original brake linings from the National BY motorhome. The first
test consisted of inserting a rotor zegment heated to 1,132°F into this caliper and spplying a
hydraulic pressute of 447 psi, as shown in the data plot in Figure 4. The inner brake lining center-
of-pad temperature (the green trace) increased after the release of the initial hydraulic-paessure
application and the next application. This rise in temperature after the initial hydraulic release had
not been observed during the previous testing. The rotor segment was moved with the channel-
lock pliers and detsrmined to be free; however, the temperature roze about 35°F betweesn the 1- and
2.min points, #s shown in the close-up view in Fipure 5. To determine if the piston was seized in
the current position, the trake was reapplied briefly at the 2-min point (esven though it was above
the target range of 550°F +/-10°F). The short duration application (~15 sec) cansed the center-of-
pad temperature to increase gbout 40°F but the rotor segment could still be moved with the
channel-lock pliers after this pressure application was released. Using a new operating target
renge of 610°F +/-20PF, the brake rotor segment could still be maved freely with the channel-lock
pliers after each hydraulic pressure apply und release cycle. The pistons did not stick in the
extended position and eeize on the brake rotor in the caliper during this test or the following two
thermally elevated temperature tests of this caliper.

The caliper was further inspected, disassathhled,andphmngmphed. The environmental boot
on Bore A separated during removal and part of the boot remained around the piston groove, as
shown in Figure 6. After removal of the environmental boots, corrosion was evident on the
hydraulic seal lands of both piston bores, as shown in Figure 7. After the pistons were removed
from the bores, the inspection showed that the hydraulic seals of both pistons were twisted, or
rolled, ag shown in Figure 8. Rolled hydraulic seals have been identified by Bosch as a cause for
thermal events. This could have contributed to the poor knockback and retraction performance



and the increasing temperatere of the inner brake lining center-of-pad temperature after the initial
caliper apply-pressure wis released.

The NR¥1-2 caliper bore and piston diameters were measured at ambicnt temperatures. The
piston diameters for this caliper were within specifications, as shown in Table 1. However, the
caliper bores at the seal Jand area (at the top of bore) were undersized because of the growth of the
comosion. The scal land is the thin section of the bore between the top of the bore and the
hydraulic scal receiver groove (the ring-shaped area above the rolled seal in Figure 8. The
calenlated piston clearance for this caliper was still within specification since the pistons were at
the middle-to-small size of their allowable diameter. The piston-to-bore ¢learance was
recaleulated after heating the phenolic pistons at 257°F, the temperature previously found at the
depth of the caliper housing critical seal land. The piston in Bore A wag found to have a zevo
¢learance fit and Bore B was found to have a 0.00115 in interference fit. This lack of piston-to-
sidewall clearance in Bore B at operating temperatures could have contributed to the abnormal
opetation of this caliper when installed on the vehicle; however, it did not seem 10 cause abmormal
operation during these bench tests. The rolled hydraulic seals also could have contributed to the
abnormal operation when this caliper was installed on the vehicle,

4.2 Caliper NRV1-4

The inspection of Caliper NRV1-4 showed that both environmental boots were ropiured and
had a significant amount of ash on the boota and on the caliper housing, as shown in Figure 9.
This caliper appeared to heve had the most severe thermal event of the set of four calipers.

Thik caliper was tested for knockback and retraction at ambient temperatures on the VRTC
test stamd. On bikth pistons, this caliper perfoomed similardy to the new ZOHT 66-mm caliper.

Two elevated thermal tests were conducted on Caliper NRV1-4 using NMR1-LF brake
linings, sin¢e the original limings were not avatlable. During the first test, the rotor segment was
heated, with some difficulty, to 1,123°F, The heating time took longer and was not the continuous
_ slope that had been used in previous tests, probably because of a different heating technique by the
torch operator. He was concerned with buming the wire to the rotor-segment thermocouple and
restricted his heating of the inner friction surface {or backside) of the rotor segment. The hydraulic
pressure used to apply the caliper was 448 psi. A short preliminary application was made first to
scat the piston against the brake lining. Then the initial pressure was briefly applicd and released
and the inner brake lining center-of-pad temperature slowly drifted about 10°F higher, as shown in
Figure 10. The caliper was re-clamped on the heated rotor segment and the temperature rose again
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into the new range around 610°F. The rotor segment was free to move (teleased) after every brake
pressure application during this test and the following test.

The caliper was then inspected, disassembled, and photographed. The environmental boot on
Bore B separated during removal and part of the boot remained around the piston groove,
Removal of the boots showed cormozsion on the top of the seal land areas of both bores, as shown in
Figure 11. After the pistons were removed firom the bores, the inspection showed that the bore
face of the seal land areas were alzo comroded and that both caliper bores had normal (not rolled)
hydraulic geals.

The NRV1 -4 caliper bores and piston diameters were measured at ambient temperatares.
The piston diameters were within specifications, as shown in Table 1. However, the caliper bores
at the eeal land area (top of bores) wers undersized because of the prowth of the corrosion. The
calculated piston clearance for this caliper was 0.001 i below the specified clearance on Bore B
due to the corrosion at the seal land area. After heating the pistons from this caliper and
remeasuring their diameters, the pistons hed interference fits of 0.0010 in and 0.0015 in for Bores
A and B respectively. This caliper had more ash on the environmental boots and caliper housing
than the other three calipers from Vehicle NRV1.

43 Caliper NRV1-1

The inspection of this caliper showed that both environmental boots were ruptured and had
vigible ash, as shown in Figure 12. This caliper was then tested for knock-back and retraction and
found to perfonm similarly to the new ZOHT 66-mm caliper on both pistons.

Two elevated thermal tests were conducted on Caliper NRV1-1 using the NMR1-LF brake
linings. On the first test, the rotor segment was heated to 1,130°F in a more normal marmer, as
shown in the data plot in Figure 13. The hydraulic pressure of 454 psi, used to actuste the caliper,
was released when the brake lining center-of-pad temperature reached the S50°F point. Note thata
quick brake application was used prior to the initial test application in order to seat the brake
components, After releasing the initial brake pressure application, the temperature initially stayed
faitly level for about 7 sec, and then pradually started to rise as it did for the other calipers. After
rising about 16°F over this 13-sec release interval, as shown in Figure 14, the pressure was epplied
again, driving the inner brake lining center-of-pad temperature to the §20°F +/- 20°F range. In this
test, and the next one, the rotor segment was free to move after every brake pressure application.



The caliper was then inspected, disassembled, and photographed. The environmental boot on
Bore B separated during removal and part of the boot remained around the piston groove.
Removal of the boots showed corrosion op the seal land areas of both beres, as shown in
Figure 15. After the pistons were removed from the bores, the inspection showed that both caliper
bores had normal (not molled) hydraulic seals.

The NRV1-1 caliper bores and piston diameters were measured at ambient iemperatures.
The diameter of Piston B was 0.0010 in below Bosch specification, 88 shown in Table 1. Both of
the caliper bores at the seal [and area (top of bores) were undersized (A= 0.0015 in; B = 0.0030 in}
due to the growth of corrosion. The calculated piston clearance was 0.0005 in below the specified
clearance on Bore A. After heating the pistonis to 257°F, and remeasuring the diameters, the piston
¢learances were calevlated and found to be interference fits on both bores (0.0010 in on Bore A
and 0.0015 in on Bore B).

4.4 Caliper NRV1-3

The inspection of the environmental boots showed that both were ruptured and covered with
ash, as shown in Figure 16, This caliper was tested for knockback and retraction at ambient
temperatures on the VRTC test stand. On both pistons, this caliper performed similar to the new
ZOHT 66-mm caliper.

Four elevated thermal tests were conducted on Caliper NEV1-3 using the NMR1-LF brake
linings. Cmn the first test, the potor segment was heated to 1,026°F in 4 pormal manner, as shown in
the data plot in Figure 17. The hydranlic pressure applied to actuate the caliper was 432 psi, which
was released npon reaching the 573°F point. The temperature continued to rise about 64°F over
the next 74 sec hefore the caliper was activated briefly to check for piston sticking. In this test,
end the next one, the rotor segment was fiee to move after every brake pressure application.

The third elevated thermal test was conducted with the original target of 550°F for the inner
brake lining center-of-pad temperature. The initial rotor temperature was 1,026°F and the
hydraulic: pressure applied to the caliper was 440 psi, as shown in the data plot in Figare 18. After
21 sec of the initial clamping on the heated rotor, the center-of-pad temperature reached 560°F.
This temperature gradually rose an additional 15°F about 3 min after the initial brake pressure
release; about 7 min was required afier the initial pressure release for the tempersture to drop to
546°F. The brake was then briefly reapplied several times and the rotor segment was free to move
after each application. '



This temperature rise, following the release of the initial bruke pressure application, had not
been geen in the previous testing of calipers from other vehicles, It was found previously that
hrake linings with different usage histories could transmit hest to a piston at different rates. The
brake linings NMR1-LF had been bench tested at €levated temperatures in the previous testing,
However, these brake linings had not been though a thermal event on a vehicle so they were
thought to be fairly representative of a “normal im-uge™ brake lining.

To study the abserved temperature rise after releasing the caliper clamping force, the NMRI-
LF brake linings were replaced with the MH1-LR brake linings (which had been subjected to a
brake fire when on vehicle MH1, but not bench tested) for the fourth elevated thermal test of this
caliper. The initial rotor temperature was 1,058°F, the clamping pressure was 440 pei, and the
center-of-pad temperature initially rose to 365°F, as shown in the green fraces in Figure 15. For
comparigon, Figure 19 alse shows the data plot (red trace) for the third test run with the NMR1-LF
brake linings. The initial center-of-ped temperature rise for the MH1-LR linings took 84 sec
compared to 42 sec on the previous test with the NMR1-LF brake Imings. The center-of-pad
temperature started dropping as expected after the release of the initial brake pressure applicetion,
as shown in the clese-up of the test mn (near the 1.5-min point) with the MHI-LR brake linings in
Figurc 20. However, after the thind application, the temperature again stayed uncharacteristically
level; no further hydraulic applications were needed to hold 550°F for almost 6 min, as shown in
Figure 19,

Since the condition of the brake linings appears to greatly affect the thermal loading of the
caliper system, test results may be more consistent if brake Jinings with specific break-in
conditioning are utilized for comparison on bench tests of complaint vehicle calipers. For example
testing could be conducted with brake linings removed frotn an exemplar vehicle just after a
standard burnish or after more extended mileage that may simulate more typical nse.

This caliper was not disassembled and no inspection photographs or measurements of the
bores are available. Thig testing was terminated when Workhorse agreed to recall the ZOPS brake

5.0 CONCLUSIONS

Based ypon the inspections and tests of the four ZOPS calipers, reportedly from a 36-foot 2002
National RY Dolphin LX tn a Workhorse W22 Chassis, the following conclusions are noted:
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All four calipers showed signg of thermal events, including mptured environmental boots
and white ash on the boots and caliper housing, This damage may be explained by other
foundation brake, antilock brake control unit, or caliper defects, but the vehicle was not
available. Therefore, the inspection end tests were conducted on the calipers alone and a
fulj troubleshooting evaluation of the brake system could not be performed.

The four calipers (8 bores) were tested for knockback and retraction. Only one bore of
one caliper (Bore A of NRV1-2) had results different from a new 66-mmn ZOHT caliper.
The results from Bore B and the other three calipers were normal.

Without the original brake linings inztalled at the correct positions in each caliper,
elevated thermal testing may not subject the caliper pistons to the same thermal loading
as when the calipers were on the vehicle. Since the condition of the brake linings appears
to affect the thermal loading of the caliper system, test results may be more consistent if
brake linings with specific break-in conditioning, like a standard burnish, be utilized for
comparison on bench tests of complaint vehicle calipers.

During some of these tests at elevatex temperatures, the inner brake lining center of heake
pad temperature continued to rise after the initial hydranlic pressure actuation had becn
released Althouph the reason for this rise is not clearly understood, it seemed to be
related to the brake linings (NMR1-1LF) tested mitially.

Testing was conducted at elevaied temperatures (610°F +/-20°F) that exceeded the
intended range of 350°F +/- 10PF. Although it would have been preferable to have
cunducted testing of the complaint calipers in this intended range, and then elevated the
temperatare further if the calipers were still operating normally, the result would
probably have been the same. There were no instances observed during the bench tests
where a piston seized in the bore of the four calipers tested.

Post-test disaszernbly of three of the calipers showed corrosion in the critical seal-land
bore area. Measurements of the pistons at ambient temperatures indicated none werz
over the specified diameter. Measurement of the caliper bares, below the seal-land area,
showed all were within specifications. However, all three disassembled calipers showed
that the top of each caliper bore, at the seal-tand area, was below the specified bore
diameter. When the pistons were heated in an oven to about 257°F, & temperature found
during previous testing to have penetrated to the level of the seal-land area, the piston-to-



bore clegrance was found to have bacome an interference fit for five of the six
pistons/bores measured,
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Lint of Ttems in the Appendix jn Order of Appearance
Figure 1 — National RV Calipers
Figure 2 — Some Ash on the Environmental Boots and Caliper Housing of Caliper NRV1-2
Figure 3 ~ Ruptured Environmental Boct and Ash on Caliper NRV1-2
Figure 4 ~ Resulis of the First Elevated Thermal Test of Caliper NRV1-2
Figure % — Cloge-up of Center-of-Pad Temperature for Caliper NRV1-2
Figure § —Part of Environmental Boot Attached to Piston A of Caliper NRV1-2
Figure T — Significant Conosion oh Seal Land Top Surface and Bore Face of Bore A of Caliper NEV1.2
Figure 8 — Rolled Hydraulic Seal on Bore B of Caliper NRV1-2
Table 1 — Calculated Clearnoees of Pistens in Caliper Bores
Figure 9 — Ash on the Ruptured Environmental Boots and Caliper Housing of Caliper NRV1-4
Figure 10 - Results of the First Elevated Thermal Test of Caliper NRV1-4
Figure 11 — Corrosion on the Critical Seal Land Area of the Bore of Caliper NRV1-4
Figure 12 — Ash on the Ruptured Environmental Boots of Caliper NRV1-1
Figure 13 — Results of the First Elevated Thermal Test of Caliper NRV1-1
Figure 14 — Resulis of the First Elevated Therma! Test of Caliper NRV1-1
Figure 15 — Corrosion on the Critical Seal Land Area of the Bore of Caliper NRV1-1
Figure 16 — Ash on the Ruptured Environmental Boots and Caliper Housing of Caliper NRV1-3
Flgure 17 — Results of the First Elevated Thermal Test of Caliper NRV1-1 - View 1
Figure 18 — Regults of the Third Elevated Thermal Test of Caliper NRV1-1 - View 2

Figure 19 — Superimposad Results from the Third and Fourth Tests on Caliper NRV1-3 Using Different

Figure 20 — Close-up of the Initial Temperature Rine During the Firat Three Brake Pressure Applications
for Tests with the ME1-LR Linings
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Figure 1 - National RV Callpers

Figure 2 — Some Ash on the Environmental Boots and
Caliper Housing of Caliper NRV1-2
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Figure 3 — Ruptured Environmental Boot and
Ash on Caliper NRV1-2

Thammnal Test of Caliper NRY1-2 (As Received)
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1000 = - 1400
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Figure 4 - Resulis of the First Elevated Thermal Test of Caliper NRV1-2
Note: Temperature continued to rise after releasing the mitial hydraulic pressure epplication
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Figure 5§ — Close-up of Center-of-Pad Temperature (Green Trace) for Caliper NRV1-2
Mote; Temperature cantibued to rise after releasing the initial hydraulic pressure application

Figure 6 —Part of Environmental Bout Atiached to Piston A of Caliper NRV1-2
Note: Sidewnll Scorimg from Bore A
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Figure 7 — Significant Corrosion om Seal Land Top Suriace and Bore
Face of Bore A of Caliper NRV1-2

Figure § — Rolled Hydraulic Seal on Bore B of Caliper NRV1-2
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Table 1 - Caleulated Piston Clesrances in Caliper Bore
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Flgure 92— Ash on the Ruptured Envirommental Boots and
Caliper Houging of Caliper NRV1-4
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Temparaire (deg F)

‘Thermal Test of Callper NRV1-4 {As Received)
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Fipure 10 - Results of the First Elevated Thermal Test of Caliper NRV1-4
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Figure 11 — Corrosion on the Critical Seal Land Area of the
Bore of Caliper NRV1-4

of Caliper NRV1-1
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Thermal Test of Caliper NRV1-1 (As Recelved)
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Figure 13 — Resuliz of the First Elcvated Thermal Test of Caliper NRV1-1— View 1

Crverall view of deta ploi
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Figure 14 — Resnlts of the First Elevated Thermal Test of Caliper NRV1-1 - View 2
Expanded view of data plet for initial pressure application
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Figure 15 — Corrosion on the Critical Seal Land Area of the
Bore of Caliper NRV1-1

Figure 16 — Ash on the Ruptored Environmenial Boots and
Caliper Homslng of Callper NRV1-3
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Temparaturs (deg F)

Thermal Test of Caliper NRV1-3 {As Received}
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Flgure 17 ~ Results of the First Elevated Thermal Test of Caliper NRY1-1
Note: Termpemstore contimued to rise after releaging the initial hydraulic pressure application
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Thermal Test of Calipar NRV1-3 (As Received)
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Flgure 18 — Results of the Third Elevated Thermal Test of Caliper NRV1-1

Note: Target tempersture of brake lining center-of-pad was S50°F +/- 10°F; The center-of-pad temperature retmmined at the target
for almost 7 min before the second application of brake pressure



Tharmmal Compalrson of Test of NRV1-3 Caliper With Different Pads
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Figure 19 — Superimposed Results from the Third and Fourth Tests on
Caliper NRV1-3 Using Different Brake Linings
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Figure 28 — Cloge-up of the Initis]l Temperature Rise During the First Three Braks Pressore
‘Applicstions for Tests with the MH1-1LR Linings

Note; Maxinmum pressure waa sbout 440 pei (scale ot shown); all teroperstures on the same scale
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